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Th v interaction of the chemokine stromal cell-derived factor 1 (SDF-1) with its receptor CXCR4 is vital for 
evil trafficking during dcvptopm« nt, is cnpable of inhibiting human immunodellcltrity virus type 1 (HIV-1) uli- 
lizution of CXCR4 as a coreceptor, and has been implicated in delaying disease progression to AIDS hi vivo. 
Duouse of the importance of this chemokine -chemokine receptor pair to both development and disease, we in- 
vi'Ktigntcrt the molecular ba*i« Of the interaction between CXCR4 and its Uganda SDF-1 and HIV-1 envelope- 
Using CXCR4 chimeras and mutants, we determined th«t requires the CXCR4 amino terminus mr 
binding and activates downstream signaling pathways \yy interacting with the second extracellular loop of CXCR4. 
SDF-l-mediated activation of CXCR4 required the Aap-Arc-Tyr motif in the Second intracellular loop orCXCR4 ) 
was pei'lusiais tuxin sensitive, and did not require the distal C-terminal toil of CXCU4. Several CXCR4 mutants 
thai Were nut capable of binding SDF-1 or signaling still supported HIV-1 infection, indicating that the ability 
of CXCR4 to function as a coreceptor Is independent of its ability to signal* Direct binding studies using the 
X4 BP i20s HXB, BH8, and mn demonstrated the ability of HIV-1 cpl20 to bind directly and specifically to the 
chemokine receptor CXCR4 in a CD4-dependent manner, using a conlonnationally complex structure on CXCR4. 
Several CXCR4 variants that did not support binding of soluble C pl20 eould still function as viral coreceptor*, 
indicating that detectable binding of monomerie «pl20 is not always predictive of coreceptor function. 



Cliemokines are a soluble peptide tftmily that modulate the 
immune response by virtue of their chcmoattractivc and .sig- 
naling properties (see reference 51 lor a review). Chemokine^ 
are divided into two major classes, CC and CXC, based on the 
spacing of their two highly conserved Cys residues. Stromal 
cell-derived factor 1 (SDF-1) is an 3-kDu CXC chemokine 
originally isolated from a bone marrow stromal cell line (6U) 
that activates a wide variety of primary cells and cell lines (2, 9, 
48)> The importance of this chemokine in immunomodulation, 
organogenesis, and hematopoiesis has been highlighted by the 
characterisation of SDF-I, and GXCR4 knockout mice (47. 59, 
09), Both exhibit significant developmental abnormalities, in- 
dicating that chemokines can play a critical role during devel- 
opment in addition to their well-Characterized role in the ma- 
ture immune response. 

Th<? importance of SDF-1 to human disease has also been 
highlighted by the discovery that a naturally occurring poly- 
morphism in the SDF-1 gene is correlated with slower pro- 
gression to AIDS in human immunodeficiency virus (HlV)- 
inlected individuals (66). While the mechanism behind this 
observation has yet to be fully explained, the only known re- 
ceptor for SDF4, CXCR4 (8, 48), is the major HIV type 1 
(UIV-1) coreceptor used by X4 strains of the virus (also re- 
ferred to as T-Lropie or syncytium-inducing strains) (5> 27) + 
Interaction between the viral envelope (Env) protein and a 
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coreceptor such as CXCR4 triggers conformational changes in 
Env that lead lo membrane fusion and entry of the viral ge- 
nome into the host tell cytoplasm t SDF-1, like Other corecep- 
tor liquids, can block HIV-1 from utilizing CXCR4 and enter- 
ing a w ij (#, ^S), Since the emergence of X4 strains of HIV-1 
in vivo is correlated with a rapid decline in CD4 1 T cells in 
infected individuals (42), the availability of CXCR4 to X4 
strains of HIV-1 in vivo is likely to be a major factor deter- 
mining the protective effect of the SDF-1 mutation. 

Despite its protective effects, the ability of SDF-1 to block: 
HIV-1 coreceptor utilization is variable, often weak, and large- 
ly dependent on the Env protein of HIV-1 that mediates the 
fusion process (62). Previous studies have shown that the ex- 
tracellular loops (ECLs) of CXCR4. particularly the first and 
second ECLs (ECU. and ECL2), arc important for coreceptor 
activity, but the results also Suggest that Env-CXCR4 interac- 
tions can vary depending on the virus strain studied (10, 40, 50). 
The identification of small-molecule antagonists of CXCR4 
and readily selected strains of HIV-1 that can resist inhibitor 
Challenges highlights the flexibility of Env and the need to un- 
derstand the interaction of ligands with CXCR4 to design more 
effective antirctroviral agents (20, 21, 38, A6 f 49, 56). Recent 
advances in detecting direct Env interactions with CCR5 have 
enhanced our understanding of the role of the chemokine re- 
ceptors in fusion (37, 41, 52, 61, 67, 68), but direct interactions 
Of XA Envs with CXCR4 have been difficult to study (4, 34, 39, 

To better understand the basis for SDF-1 -mediated disease 
protection, SDF-l-induccd signaling, and CXCR4 coreceptor 
function, we analyzed the interactions between SDF-1, HIV-1 
Env, and CXCR4. Wc identified » principal SDF-1 binding de- 
terminant on the CXCR4 amino terminus and a distinel region 
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on ECL2 of CXCR4 that mediates activation of the receptor 
by SDF-1. Our data arc consistent with models proposed by 
Crump ct al. and Hcvckcr ctal. in which the RFFESH motif of 
SDF-1 (umino acids 12 to 17) mediates binding to the amino 
terminus Of CXCR4, while the first two amino acids of SDF-1 
(Lys-Pro) mediate activation at: CXCR4 by interfering with 
ECL2 (16, 36). HlV-1 fusion required regions olCXCFW that 
overlapped the binding and activation regions used by SDF-1 , 
but the ability of CXCK4 to signal was clearly distinct from its 
ability to function as a coreceptor, similar lo CCR5. Binding of 
the gpl20 subunit of X4 Hnvs to CXCR4 was dependent on a 
conformational^ complex structure on CXCR4. However, sev- 
eral mutants of CXCR4 that exhibited no detectable binding of 
X4 gpl2Us could still function A3 fusion corcccptars, suggesting 
that binding ol monomcrie gp!20 to CXCR4 docs not neces- 
sarily predict ^receptor activity. 

MATERIALS AND Mtfl'llOUS 
CXCRJ chimeras mid mutants. The CX£R4 chirnc^i^ ysttl in this study and 

UlC |'jT*I pliLMiiid CiitMidiiig, lmm;in 0^4 Iihvi; H(xn tJc&Crlbcd previously (40). 

thimcnn; were produced by joining CXCR2 and clones In the pcDNA3 

vector and arc named based On the parental receptor from which Ihc caAraeel- 
inhir fiomnins urc derived. For example, 2444 contains the- amino terminus of 
CXCR2 and the flrcu, second, and third ECLs of CXCR4. In brief, chimeras wcic 
joined ill the following CXCRd residues: 244<lh (Cily-rt4) ? 4442 (rie-ZAj), 2442 
(Cyu-28, Ilc-243). 22*H (Asp-l**), and 22*2 (Asp- 133, llc-243). 4222 imd 2444 
were joined reciprocally ill the common Cys in the amino terminus uf Oft":ft4 
(C.v3-2i> and (Cys-:te). Junctions are depicted graphically in Fig. 1. 

CXCTUAuiJl trunentcs the C terminus or CXCR4 to residue and mutates 
Tlir-HH mid flci-311 m Ala m ulimimut,-. .ill Ser und Thr residues In the carboxy 
titmirius, Construction of the CXCR4 point mutants used !n crtM<Jy ate 
described clntwhcfc ((55), 

{fell*. Tlie iMiTnun Hstroglioma cell line U87-MG (ATCC HTfl-14) w ? i« ob- 
tained Ihreufth the ATDS RCsC^rCh iind Reference Rciipcnt Program, Division of 
AltiS, Niiiiiinal Institute of Allergy and Infectious Disease, National institutes 
of Health. The quail JlUfCfla^OriiLi eiill line U"l"6 imd the human kidney cell line 
2$yV were provided by Paul Dates (University of PiiiHiNylvjniiiL). (^O^-S r-T i^llx 
ure on<? subclone of the COS cell lineage and were obtained from Mike MaJim 
(Univcrftily of Ponnsylvuniu), All cells were mnintttincd in DMEM (Dvll'CCCO's 
muddied Eu^lii medium, high glucnsc) supplement wiih U)% fctjil bovine 
serum, 1 mill ^lutumine, and 2 mM pcnicillin-strcptomyciti. 

Or 1 "" mobilization nasty*, RcuponsC lo UjpehJ w;is UuHirminud in tmnticntly 
trrnisfccicd COS-SII cells. For tfunsfoction, cells were split at IU ,; ccJiH/iu-cm- 
dtairwcr pljiiv 24 h prior to tntnsfcction. Plaamidft encoding chcrtiokinc recep- 
tors were mixed (10 ^) with DEAE ct^ktuil (.1JS mi i>r DMP.M, 55 \\\ of h- 
flliiiamLne | mux], 55 of Bmphotericin B [Fungizone; Sifeniu) |'1UHX|, 55 ilI or 
penicillin-streptomycin [ IDOx], S5 \l\ of uulridorfri IDochrinpcr Mnnnhcim Die* 
chemicals], to jU or DRAT". [Phiirmn^jjii], |o,S |U of chloroquinc) and shaken 
vigorously. Following a 15-min incubation, Ihts PN A'OGAi suspension whs 
ndded tt> CQS'SH cells which liud been washed twice with incomplete Dlvf P.M. 
DNA-DliAli win, incubHtcd at 37°C for h. Cclla wo^e Klmeked in U)% 
dimethyl sulfoxide for 2 min. washed twice with incomplete DMEM. and then 
fjlaLcil in Liimpleiv medium, Following expression for 16 to 2i) h, colls, were ti^'p- 
fcinized and rcplatcd in to lor nn uddilional 24 h, Cells were loaded 

wiih 5 \tM Funi-2/AM (Molecular Probes) in the dm k at 3TC. hu 1 h. OdK were 
Amoved from plfltcs by incubation in phoaobate-hutl'eTed sidinc (PBS) without 
Ca 2+ or Mk 3 " 1 " and were resuspended in Dulbccco's PBS containing Ca a * and 
Mk 2 * (LlioWJiittuker). Ca 24 " mobilization was measured in an Aminco-Bowman 
Luminescence Spectrometer in a cont^antly stirring cuvette und in a volume of 
1.5 ml. Ifodtalion of cells was monitored al 3^0 mid 3ftfl nm, »ml ilu: Qi a+ 
i:(.ira;(;ntrjitifjn wjis cHlculatcd as previously described (J 3), u^ing an HEStimcd K tl 
of 224. «, intm-leukin-8 (ll^a), and GROu {Pcprotcch) were u.tcd at a final 

concentration of C2.S nM (500 h^/inl) jnui had mi liiickgnjuml activity on 
COS-SH cells in this assay. Thrombin receptor Hgonist peptide (TAP; referred to 
elKOwherp a:; the t'AR.-l iiaoniat peptide) was uued at a final concentration of 27 
UlM und consists of the amino acid residues SFLLRN. Penu^is toxin whs used 
at a (mat concentration o-nuu n^nil nnd was incubated with cells A lo 1A h Wefhre 
Line of celts for Cii xl mobilization* flow cytometry, binding, or infociiun. 

Flow cytometry. In preparation Tor How cytometry (lluorcsccncc-activated coll 
Rorlin^i (I'ACSI), Cell;.; were removed from the plate with 5 mM EDTA in TDS, 
centLifugcd* rcwuiipended in Mainin^ Imflnr (m$ wiih 0,1^ bovine scrum albu- 
mill) supplemented with 25% normal rat scrum and 25% normal rabbit serum, 
imd phiced on ice, Cclb were Stained with primary monoclonal antibodies 
(Mads), washed wiih staining buffer, imd then stained with ^oal an ti- motive 
antilxnly conjugated to cither lluorcaccln Ltoihioeyvnatc or phycocrythrin lluo- 
fochfomc (Bi^isuiirct:, <^amarilli.i t Calif,), FUiorescencc was monitored on a r ? AC- 
Scan insirumcnl with a 15-mW 4&i-nm blue arpon laKer (IteCton Dickinson, San 



Jose, Calif.), and data from lfl.000 CtU* we r c unalyzud with CellOuest version 
3.0,1 software (Beeion DiekinKOn). 

UlndJnu aaflaya, For chemokinc hindin^ nssays, 5 K 10 s cells transiently 
LraiisfeLliul liy QiPO* with 4 jljf of DNA were rcsimpcnded In 73 uJ of binding 
buffer (50 mM HEPES [pH 7.^1], 1SU mM NaO, 5 mM MkCI 7 , 1 mM CnCl Tl 5% 
bovine scrum albumin). Subsequently, 0.1 nM i: "l*SDF*lei (Hpccifie aeii^iiy. 
7 h 200 Ci/mmol; NEN-D«pont) was added to cells hi 25 u.1 of binding buiTer Tor 
a total volume of 100 id Cells were incubated tit room temperature for 1 h, 
Unbuund nidiotictivity was removed by flltcrhig cells through Wlishiman OF/C 
(illors prtiftoakud in Q,M polycthylcnciminc (SigmH) and washing them two times 
with 4 ml of wash buircr (50 mM HEPES [pH 500 mM NjCI f 5 mM Mj;CI 2 , 
1 mM CaClj). Filters were counigd in a Wallae 1470 Wisard ^ammH counter. 

linv binding «w»ys were performed similarly to SDF-1 binding btituyn except 
that binding buffer did not include Nad. The mcliisKin of Na£[ in F;.nv binding 
assays eliminated detectable Env binding, while incluBion of NaCl in 5DIM 
bindinp asaays waa required for apMific binding to CXCR4. LUlii and MXD 
^piirts wen; proiiuCCct by using vaccinia virus as previously described (23) and 
was >90% pure, aa demonstrated l»y Coomn^ie blue stidning. MN gpl20, pro- 
duced via Uiicutovirus by I mm uno Diagnostics, waR obtained ihrnu^jh ihe NIK 
AIDS Reagent Repository. 1'ivc io r 2.n jip ol each protein was iod mated by using 
lodoiicn (i'ierce) to specific ttctivitics of 5.7 ^Ci/^s (HXB), 1.7 ^iCi/^t; fBT-fti 1 ), 
and 3A ^CE/^g (MN). 

inrceHnn ^mdiesi Viral stocks were prepared as prcvioaaly deyerihed (H, 15) 
by trajisfccling 293T celU liy ta 1*0.4 *iili pl:is.m nls epcoding The HXB2 or NL4-3 
i>n\t and ihe hiciJ'crfiuc vims backbone (pNL-Luc-E"R"), The recalling 

supciuatanl was wLoied at -tiO^C. £ ; ui iiileelioii, UfJ7-MG cellb were plated In 
?.4-well pkno>i and trjinsfeetcd with the desired plasmids (L.S to 1 ^ at each). 
Medium was changed afier4 h, and cells were allowed to express overnight* Cells 
were infctzicit ilu; ni^x( djiy with 100 jxl of viral supernatant In a loial volume Of 
500 |jlI in (he presence of & pf* of D£At£-dQMmn per mh Ccllu were lyscd at 3 
d^ riOstmfccu'on by rcsuspcnsion in 150 m-1 or 0,5% Tjlion ami St\ 

ji I of the resuttinE lysate was assayed for luelfefasi activity in a WidUc Microbcta 
fteintilbtion ^nd lumineycence counter, usinc. a lueiferfme aifHay klL fnim Pro- 
mqiit. All vnluci were within the linear range of liicTfAnug derectkm. 

RESULTS 

CXCR4 domains required for SDF-l-Jllduced ^i{;nuling + To 

understand how the chemofcine SDF-1 tind it^ coKnale rctep- 
ror CXCR4 interact, wo tested a panel of previously described 
CXCR4-CXCR2 chimeras and muUnts (40) fyr ihc ability to 
bind and signal in response to SDF-1. CXCR2 (30% identical 
to CXCR4) signals upon binding Uie Chcmukincs and 
GROu (1) but does not hind or respond to SDF-1 and docs not 
serve as a coreceptor Tor T-TTV-1 (19). Wc used a Ca 2+ mobi- 
lization assay lo determine wliiyli gmrncras could signal in 
response to SDP-1, IL-ft 7 or CRO«. COS-SH uclls were tran- 
siently transfected with ihc inc^Cfitcd chimeras, loaded with the 
Ca^-scnsitive fluorescem. dye . Furst-2/AM, and assayed for 
moi^ilixntiori following addition of the indicated chemo- 
kinc. Untfansfeeted edls did not signal in response to SDF-1, 
[L-K, or CrROo but did respond appropriately Co these ehemo- 
kines when ihc cognate receptor was expressed (Fig. 1). The 
concentration of SDF-1 used in this assay, 500 'ng/ml (62.5 
nM) ? hai previously been shown to stimulate CXCR4 to neiir- 
rtl*Uirhul levels (8, 48). The effects of chemokinc receptor sur- 
face expression levels are accounted lor below. 

Our results indicate that while trie disl;il ^mino terminus 
(the first 27 residues up to the conserved Cy.s) of CXCR4 
was neither necessary (chimera 2444) nor jiufficient (4.222) 
for activation by SDF-1, the proximal amino terminus (car- 
boxy terminal to the conserved Cys) near Ihc transmembrane 
region (2444b) was required lor SPF-1 activation. Chimera 
4442 did not respond to SDF-1, suggesting thai the third 
ECL of CXCR4 may also play an important role in CXCR4 
activation. However, wc cannot rule out the possibility that the 
failure of 'I'M 2 to signal is due to indirect ellecls ol ECL3 (and 
adjoining transmembrane domains) substitution On the molc^ 
cule'y overall conformation, Several additional chimeras were 
constructed in order to identify the contributions of other 
regions of CXCR4, such as ECU and ECL2, but these mu^ 
tants (4244, 4424, 2224, 2442b, and 4422) were not expressed 
on the cell surface. 
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FIG. 1. SDF^l activation requires ih$ rW*fmnl iimiiii? terminus and the lliird t-QL of C'Xtm TnmsicnlLy trunsfectet! CQS-5H cells were stimulated with tlic 
indicii^d cliymOkinc «ntl nsuyed for mobilisutioti of Ci 2+ , All «lla were subsequently stiniulnlcd with TAP m ensure ut:M irm.-^Hiy (tlmn not shown). Experiments were 
repealed at least ihrcc limes. Tlic tmrrw* ipntfHl structures of chimeric construct* iifv intJicfllcd on the left. Tlic pcrcctitafte of coll* scored \n receptor positive (% 
Gifted) and ihi; mciin lluorc&ccncc orstamitift (MF; Irtdifj^d i n parentheses) mensured hy Jto* cylomciry (FACS) of piiniLlcl sets of cells ujc indicated on the i%ln. 
MAb 1205 rcoogflir,Cs Uw first ;mU wuund ECLs of CXCR4, 1flG2 recognizes Mio riixjal i^iny terminus of CXCR2, and tfUV is an iKCHyne-ni sighed (IgG2a) control 
MAb. Chimin 432i » not capable of being recognized arty ol iho imh'bodics used here bat ha* previously h<xj\ shuwn to be expressed on the cell auifuce {40), 



SDF-1 requires residue;? in IiJCL2 und second intracellular 
loop of CXCK4 for signaling, To identify specific residues of 
CXCR4 that contribute to SDF-l-induecd signaling, wc used 
site-directed mutants of CXCR4 (65). We focused on ECL2 
because the second ECU of both CXCR4 and CCR5 make 
major contributions to HIV-1 coreccptor activity (7, 10, 3K, 40) 
and, in the case of CCR5> lo chemokinc binding specificity 
(53). Since SDF-I and the V3 loop of X4 £nvs (implicated in 
coreceptor interaction [13]) are highly basic, our mutants fo- 
cused on negatively charged residues within this domain. 
CXCR4-QAAN changes a conspicuous stretch of negatively 
charged amino acids, Glu -Ala- Asp- Asp (EAJDD), in ECL2 to 
the residues Gln-Ala-Ala-Asn (QAAN)* When tested in Ca z "*" 
mobilization assays (Fig. 2A), mutant CXCR4-QAAN failed to 
signal, highlighting the role of ECU residues in SDP-l-mcdi- 
ated signal transduction. Another mutation of an acidic resi- 
due in ISCL2, D193K (Asp 19$ changed to Lys), had no effect 
on CXCR4 signaling. 

Important cytoplasmic residues of CXCR4 thai contributed 
to SDF-l-mediatcd signal transduction were also identified. 
The Asp-Arg-Tyr motif (DRY box) is highly conserved among 
G-protein-coupled receptors, and its mutation in well-studied 
receptors such as rhodopsin, the ot- and p-adrenergic receptors 
(28-30, 64), and CCR5 (3, 7, 22, 2<J, 32) eliminates signaling. 
Mutation or litis motif in CXCR4 to Asn-Ala-Ala (NAA) 
largely eliminated the ability of the CXCR4-NAA mutant to 
signal (Fig. 2A), We note, however, that CXCR't-NAA may 



retain u\. IchsI partial G-protein-coupling capability, as an ex- 
tremely small Ca 2+ mobilization signal was consistently noted. 
Truncation of the Scr-Tlu-iich region of the distal C terminus 
that contains potential sites of receptor phosphorylation had 
rtft ellec* on the ability of CXCR4- to sigiml (CXCR^Atail). 

Surface expression and detect jun limiLution of Cu 24- mobi- 
lization, Because adequate cell surface expression of chemo- 
kinc receptors is a prerefiuisile for detectable receptor activity, 
Ca 2 "*" mobilization assays were performed in conjunction with 
flow cytometry (FAC5) on parallel sets of cells (Fig. 1 and 2A), 
For FAOfS analysis w: used MAbs 12G5 7 which recugniKes a 
conformation-dependent epitope composed of the first and 
second HCLs of CXCR4 (10\ 25, 40), 10G2, which recognizes 
a linear epitope On the CXCR2 amino terminus (U), and 807, 
which is an isotypc-matched (immunoglobulin G2a [IgG2a]) 
control antibody. Surface staining of COS-SH. cells confirmed 
the expression of chimeras such as 4442 that failed ki respond 
to SDF- 1 (Fig. 1). Chimera 2444b was detected on the surface 
by I2C5 at levels below wild-type but significantly above buck- 
ground levels, The ability of 10G2 to detect the linear ami no- 
te rminnl epitope of this particular chimera may more accu- 
rately reject its Surface expression levels since the construction 
of this chimera may partially disturb the conformational epi- 
tope recognized by 12G5. Chimera 4222 could not: he detected 
by FACS since the epitopes for 12G5 and 1UG2 are not present 
on it # but its ability to signal in response to GRO™ indicates 
that it was expressed at functional levels, and expression of this 
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I'lCi, 2, ttPI>~l Hclivaljon requires residues in tlita (second cxtrfltdlwliir iind second intracellular loop* of CXCR<i T is pcrtuwis toxin sensitive, and does inii require 
the distal C terminus of CXC1K (A) Transiently tninsfeeted COS-SH cells were stimulated whh SDF-1 untl then with the positive control TAJ' and axyiyod for 
moiittiiiiiiion or en 2 -* . F.xp ? i-LTTn?ntH repeated two to throe limuti. Tim percent grng<| cells us measured by flow cyiortintTy i>/ punilM sets of cells is indicated. PTX 
icidL^tO'.; the uddition or pertussis toxin 16 h prior to iiasiiy, and pcDNA3 indicutcs that cclla were LiiinsruULiI wiih u(.inin.il wctur ONA that docs not express any 
clicinokiiin icccjuiir. (H) Cm 2 * rm.ihiiiT.iit ion fissny sensitivity. COS-Sii cells v^ro untaT^tqd with diminishing amounts of CXCK1 pliuimid PMA, w indicated! keeping 
ioia( DNA cmnvtimt Ht 10 ja£ by using plasmld pcDNA^, Parallel sets of cells were tested for Cu 2 - mobilizuiifln in r^spc-nsc to 3DF-1 mid were tested for wui fact 
expression of CXCR4 by How evtOitictr} usinj; MAb 11G5 (black truciiiy.) m\d coiiLivil MAb Hf)7 ((Unniil (nu;^;), The percentage of cells staining positive for I*Cj5 
wlihln ihc £aie Irifiicjimii is pvm on the right. Additional translated CXCK* l?NA (20 |ig) did not aignMcantly >ncrp;H,$ tin? percent Kilted population or Ca 34 " 
mobilimtion response (data noi ehowfi). 



chimera has been confirmed previously by using other ortiibod- 
ica(40). 

Due lo the reduced expression levels of some chimera*;, we 
&CldfCSflCd the sensitivity of our Ca 2i " mcibili^ifion assay by 
transfecting limiting dilutions of CXCft4 into COS-SH cells 
followed by both Ca z "*" mobilization ,in^ CXCR4 surface ex- 
pression measurements in parallel sets of Cells (Fig. 2B). Our 
results indicated that detection of Ca a " b mobilization was at 
least ad sensitive as the ability to delect: CXCR4 on the surface 
Of these cells by FACS with 12C5. Thus, mutants of CXCR4 
that were expressed pn the surface of Cells at reduced levels, 
such as 2444b> can be assayed for Ca 2 " mobilization with con- 
fidence. Wc conclude that the inability of 2444b, 4442, CXCR4- 
QAAN, and CXCR4-NAA to produce u measurable Ca 5 * mo- 
bilization response was due not to detection limitations but to 
their inability to transduce a signal in response to SDF- L 

SDF-1 requires the amino terminus of CXCK4 lor binding. 
The failure of a receptor to signal in response to SDF- 1 can be 
attributed cither to its inability 10 bind SDF-1 or to its inability 
to be activated by a bound SDF- J. molecule. To distinguish 



between these possibilities, we analyzed the ability of the same 
panel of chimeras and mutants to bind iodinated SDF-! f To 
maximize sensitivity, we used transiently transfected 293T 
cells, which are capable of high levels of transient expression. 
The low levels of endogenous CXCR4 (estimated tp l>e <200 
copies per cell [63]) on 293T cells did not interfere with our 
analyses. Similar results were also obtained with transiently 
tfii^lcCted QT6 cells, a quail cell line that expresses no known 
cheniokiiic? receptors (data not shown). tQS-SH cells exhibit- 
ed hij/h background binding under the conditions uscti and 
thus were unsuitable for this analysis. Using limiting dilutions 
of tniMsfeeted CXCR4 DNA, we found that SDF-1 binding 
mulri be delected even when CXCR4 expression levels were 
nearly undetectable as measured by FAC5 annlysis with 12G5 
(data not shown). 

Ainding assays performed with CXCR4 mutants and chime- 
ras (Fig, 3 A) demonstrated a dependence on the amino ter- 
minus of CXCR4. Chimera 2444 exhibited only minimal bind- 
ing of SDF-1, while chimera 2444b was unable to bind SDF-1, 
These results suggest that the amino terminus of CXCR4, pur- 
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ticuiariy the region after Cys-2S ? is critical for SDF-1 binding. 
A chimeric receptor identical to 2444 but using the distal 
amino terminus of CCR5 instead of CXCR2 produced binding 
and signaling results identical to that of chimera 2444, thus 
confirming the role of the distal amino terminus in SDF-1 
binding (data not shown). Most notably, CXCR4-QAAN was 
capable of binding SDF-1 despite its failure to signal, suggest- 
ing that these residues in HCL2 arc critical for signal transduc- 
tion mediated by SDF-1. Homologous competition assays (Fig, 
3B) indicated that our conclusions are not based on widely 
varying affinity differences Calculated K; values, an derived by 
the method Of Swilltns (45, 58), for CXCR4, QAAN, 4442, and 
2444 were S5, tig, 37, and 38 nM, respectively. 

HTV-A coreceptor utilization <*r CXCR4 is independent or 
the ability or CXCR4 to signal or to bind SDF-1. We have 
previously used a subset of the muiiinis presented here to map 
the coreceptor utilization or CXCR4 by HIV-1 in a cell-cell 
fusion nsy<[y (40). Here we extended this analysis by using a 
virus infection assay and by correlating our results with the 
regions of the receptor required for SDF-1 binding and signal- 
ing and gpl2u binding (below). The ability of our chimeras and 



Flfl. A. (A) fiDP-l tiimling requires the proximal amino terminus of CXCR4, 
WY fclltf transiently transfected with Lhc irtdientcd Constructs were tested far 
binding of iftlinntccl SL>F-1. Dtita shown represent the mean :un\ KLiniliin] urn.iT 
or uxpertmcnts repented two to tour lim<?si r Valygi; |i>r trnmffectcd with 
pcDNA3 were considered background imd were subtracted from ull jn^m y 
munis, Typical vjiiucs of total bound radJoacilvhy fat tfanKftcHMJ Cells w«rc 
20,000 cpm for CXCR.1 and ;i,tJl)(l cpm lor pct>NA3. All chimeric constructs were 
alw tested for binding or jodinaicd GROu, hui dusjjiiu rnhuM hinging to 
CXCR2, iodlnatcd OROut was incapable of binding any of these chimcrae above 
n minimal 10% specific binding (data not ahov^rt). (D) Affinity of ErUF-'l for 
CXCR4 variants, A taint of £ X If)* naiisiunily irnnKrutfcd 293T cells were used 
tor competition bindim; Of iodinalcd SDF-1 with unlabeled SDF-1, Ryyuhy urc 
the average of two indepeiidcm tAytriinvHls, iind vnlucs arc normalized to 
binding levets without competition {100%) and with maximum competition 
(0%). Maximum »l±iteau level* More normnliziitjon arc represented in panel A, 
fttsnlis wciT-u jinsilyj'^fj by nonlinear regression using firjphrad Prism version 2,0 
(AS). 



mutants to support viral entry was assessed in an assay using 
recombinant virion* that express luciferase after integration 
and that can be pseudolyped with a desired Env (11, 15). For 
this assay we used transiently transfected human US7-MG cells 
because of iheir ability to support viraJ expression and their 
high transfection efficiency, Limiting dilutions of transfected 
CXCR4 DNA demonstrated that coreceptor activity could be 
detected with this assay even when coreceptor levels were 
undetectable by FACS (data not shown). 

The distal amino terminus was not required for virai entry, 
since replacement of the distal amino terminus (2444) did not 
affect the coreceptor activity of CXCR4 (Fig. 4). Further sub- 
stitution of the amino terminus (2444b) diminished the core- 
ceptor's ability to support HIV-1 infection, but the reduced 
surface expression levels of 2444b may account Tor this mini- 
mal decrease, ECU appeared to make a major contribution to 
coreceptor activity, since replacement of this region (2244) 
eliminated co receptor activity, but the lower surface expression 
levels of this mutant (<;1Q% of the wild-type level [data not 
shown]) may account for ihiu result. However, chimera 2244 
does support ecll-eell fusion with other Envs (AO). Residues in 
ECL2 (CXC&4-QAAN) were extremely important for core- 
ceptor function, as replacement of these few residues dimin- 
ished the ability of CXCR4 to support HIV-1 entry. Finally, 
residues in also contributed to coreceptor activity, 

since chimera 4442 supported entry less efficiently than wild- 
type CXCU4 (Fig + 4), Thus, residues in alt four extracellular 
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cotratisi'cctcd with platimid wCtOr alone (pcDNA3) instend of vector cxprcssirtji a ehernukinc receptor. Tertussis toxin (PTX) wan added & to 16 li prior lu iiifaulLuii ul" 
cells expressing CXCR4 and cither removed ;u tlit lime uf infection or maintained In culture during Infection, with Irlemical rewilts. The resulta of SDF-1 binding (Fift. 
3) and Ca 3+ mobllliatton diiiii (Pig, 1 nm\ 2) nrc summsrized below (>K near wild.iype uciivity; +/-, <50% ot' wild-type activity; - > tio ftiftiiifieuiit activity detectable). 
Chimcnis 2443 imd 2242 did not respond to SDfM by Cif + mobilization but have been bhowu to Ijc on lIil cdl amUwzv. liy FACS m ncur wikl-rypc levels (data not 
hlKjwii). Chin luii 2244 Ik uxpriptKuil un rtic surface, but Ht < 10% of the wild-iype level (dm nOlsliown). Duta shown arc the avenge and standard error or independent 
experiments repeated at least three limo;,, EU-U, rclntirc light units. 



regions of CXCR4 appear to contribute to coreeeplOr activ- 
ity, in agreement with previous analyses of CXCR4 chimeras 
and mutants by cell-cell fusion (10, 40, 50), 

Our infection results also demonstrated lliat signaling and 
corcccptor function are independent activities of CXCR4. The 
CXCR4 mutant CXCR4-NAA, which largely failed to signal, 
supported HIV-1 entry. Consistent with a previous report (35), 
treatment of cells with pertussis toxin eliminated detectable 
signal transduction by CXCR4 2A) hut did not elimi- 
nate viral entry, integration, or long terminal repent expres- 
sion, all of which arc required lor the Jinal detection of 
lueifcrasc in this assay, Several CXCR4 mutants that were 
incapable of binding SDF-1 (2444b) or that did not signal in 
response to any chemokinc liquid (2442, 4442, and CXCR4- 
QAAN) still supported HIV-1 virus entry, providing further 
evidence that SQY--1 binding and CXCR4 activation are inde- 
pendent of CXCR4 corcccptor function, 

Direct binding vf X4 Envs to CXCU4. Direct binding of 
HIV-1 Envs to chemokinc receptors has been demonstrated 
for both CXCR4 (4, 34, 3<>, 43) and CCUS (37, 41, 52. 61. 67, 
68). However, since chemokinc receptors do not normally serve 
as the primary binding receptors for HIV-1, it is not clear what 
type of contact between Env and the corcccptors is necessary for 
Env-mediated fusion. Cbreccptor mutants that dissociate Env 
binding from triggering the conformational changes that lead to 
fusion will be valuable in dissecting the. functional domains Of 
CXCR4 and defining their role in virus-membrane fusion. 

To address the relationship between the ability of CXCR4 to 
support Env-mediatcd fusion and gpl20 binding, we adapted 
the SDF-1 binding assay to detect direct binding of X4 Envs to 



cells expressing CXCR4 or mutant receptors. We used iodin- 
ated gp;l,20s from the X4 HIV-1 strains HXB, BH8, and MN 
(G, 12), Soluble CD4 (sCD4) was included in all assays except 
where noted, As shown in Fi«. 5 f binding of gpl20 to cells ex- 
pressing CXCR4 was observed only in the presence of sCD4, 
consisted with the conformational changes induced by CD4 
that are believed tu expose the chemokine receptor binding 
site on gp!2Q (52, 54, 55, 61, 67). In addition, binding was ob- 
served only when tcUs expressed CXCR4; we detected no bind- 
ing to cells expressing CXCR2 or CCR5 (Fig. 6). Binding of 
the indmnied £p;l20* lu CXCR4-positive cells was inhibited by 
unlabeled BHtf and MN gpl20s but not by the R5 JRFL gp 1.20 
(Fig. S). CXCR4-gpl.20 binding was also inhibited by SDF-1, 
ALX40-4C (a CXCR4 antagonist [21]), and a MAb directed 
^gninst CXCR4 (12G5). Binding was noL inhibited by IL-8 or 
n control mouse MAb (mlgG). In addition, u MAb (D47) spe- 
cifically directed against the V3 loop of BH8 prevented BHS, 
but not MN, binding to CXCR4-expressing cells (Fig. 5). Since 
calcium ions are required for Env-rnediuied fusion in a post- 
CD4 binding step (18), we comlueled Env binding assays in 
a modified binding buffer containing no divalent cations and 
including 10 mM G'DTA. These Condi (inns had no effect on 
gpl20 binding, indicating that lite requirement of divalent cat- 
ions for HIV fusion is not ;it the level of corcccptor binding. 

To address the role that gp120 binding plays in coreceplor 
function of CXCR4, we screened the panel of CXCR4 chime- 
ras and mutants to determine their ability to bind iodinated 
gpl20 (Fig. 6). Our results indicate that detectable binding of 
X4 Envs to CXCR4 requires nearly all extracellular regions of 
CXCR4. Even relatively minor changes to CXCR4, such as 
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experiments. To best represent mc slgnal-to-noiKC levels achieved in this assay! only background bin dine tu filters nlonc was subtracted from values, R;iw values of 
hiiidirw unci bHckgroiind binding to cells not cxprcuing CXCR4 are presented in Fip. G, DM3 exhibited high luckgi'Lmiid hinding in prw.n«<i of edit regardless of 
blocking or LiiiJihfLLhLin umdiiiniiK, ami Huik thx minimi*] binding of BH8 tu the presence or cells whs 30% of total binding. Blacking afientf; and concen trillions were 
a* follows; j Ki^cpiaP (R5), MN gpl2t) (X4)» and BHfl ^120 (XA) Envy (250 lo 500 nM)i I2G5 (anti-CXCR4). (uUB-spcciiic unli-V3 loop), and mlgQ (pooled 
mouse igg) MAh» (10 ^fi/ml); IWJ (CXCRZ li?nnd) and SDF-lu (GXGfrl liquid) uhcrniikhivs (100 nM); EDTA (10 mM): and ALX4D-4C (anU-CxCR4 HnlHgonist) 

ft 10 III |J.M). 



D193K, QAAN, and 2444, significantly cHminbhetl £pl20 bind- 
ing. This result is consistent with our finding that nearly all 
regions Of CXCR4 contribute to coreceptor function but is 
surprising since most of these mutants supported HIV-1 infec- 
tion at some level (Fig. 4). The one mutant that lully supported 



X4 Env binding, OCCR4Al.nil, is expressed at slightly higher 
levels than wild-type CXCR4 jithI wus tapttblc of binding gpl20 
accordingly. Thus, detectable binding of monomelic gp!20 to 
CXCR4 does not necessarily correlate with the ability of u 
coreceptor to support virus infection. 



140% 




CKCru pcDNA3 cxnrv* exerc 



TlQ, f>. Multiple regions of CXCR4 are required lor detectable binding of Xl HlV-1 H pl2(h, Kudiolubclcd HXB, BH8« mid MN K ptft) protein* were used for 
binding to transiently transacted 2W cplfo ;iy | yr Fie, 5. Cells were tmnsfcelcd with the constructs indicated, and buck^i imud villus ..if binding io cell* tnmsfected 
with jieDNA^ vector iilonc were subtracted fiom alt i miasm unions. Vsilu^s r^pr^ent the average and ratiKd of two independent experiments. ConalruciN huvu been 
ic*w\ two 10 Tour times. Representative raw valyo* (Or binding to cells containing CXQT\4, cdly tnmsfected with pcDNA3. and Uridine to the filter iilonc were 3,300 
l,60D t and TO cpm for 11X11 (42,000 cpm added), 2,fl}0. 1,500, und 900 cpm for Dl lti (100,000 cpm ;iddcd), ;md 7,500, 3,200, und 2,700 cpm for MN (tfO^OuO cpm added). 
JlXti iiud DII8 lire nearly Idcndcal clones of iIm X4 rnv-] tfndn II1B that were prepaid and tinted completely independently but yielded nearly identical results. For 
measurement of stcady-«laio kinetics, Ihc proportion of radioligand bound (2 to U%) is within the optimal ran^e. (or liuuitr detectiun or radioligand binding (<10%). 
Value* for bindinp to mcnibianc-bouiid wciu iwif m MireeTold higher than values for binding io CXCR4 in the presence of sCDl {data npi siir^wn), H,juJjyj|notflcd 
JRFL gp!20 eonirol cxhihlied no si^niiigfint binding to CXCR'l despite tobuni binding to CCR5 (datn not rthowii). 
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FIG. 7. Corcccpiof utilisation overlaps, but is distinct from, SDF-1 binding 
nn<J nvtivRtion site?. The primary amino arid ttcqucncc of CXCR4 is shown* with 
shaded rcbiducH indLCaLiii[j iL^i<ms Mihsii^ii^d in CXCR^-CXCR2 chimeras or In 
C-XCR4 TTiMt^nt« that arc required for bindinn or nctiviuion. Rcaiduc3 

within these rcgipiitt ihut an; not shaded iirc conserved between CXCR4 and 
The ory molif in the second intraccJlulaf lc>Or> i* required for 
signaling is highlighted with darker circles. Arrowheads indicate CXCR4 t$niil v $ 
juucdOFiv wiiitli diimcnis or truncation mutants were cnnairnciiHi, 



DISCUSSION 

To define the interaction of the chemokine receptor CXCR4 
with its ligands, we used a panel of CXCR4 mutants to distin- 
guish between SDF-1 binding, $rjF-l -mediated CXCR4 acti- 
vation, r-nv-i gpi2Q binding, and HIV- J corcccptor activity of 
CXCR4. The regions identilied in this study that contribute to 
SDF-1 binding and activation are summarized graphically in 
Fig. 7. The amino-terminal region of CXCR4 constituted an 
important SDF-1 binding domain. Replacement ot the first 27 
residues of CXCR4 (up to the first Cys residue) With the cor- 
responding region from CXCK2 decreased SDF-1 binding, 
while replacement of the entire amino-tcrminaJ domain com- 
pletely abrogated SDF- 1 binding. Whether SDI-l Interacts 
directly with this region or whether these mutations affect 
overall CXCR4 structure is not known, but it is important to 
note that chimera 2444b supported efficient HIV- 1 infection 
and MAb 12G5 binding, Mo conformationally sensitive in- 
teractions. In contrast to the N terminus, alteration of the 
second and third ECLs of CXCR<1 had little effect on SDF-1 
binding. 

While the amino-terminal domain of CXCR4 was critical for 
ligimd binding, residues in ECL2 comprising an acidic EADD 
sequence were critical for receptor activation. Thus, CXCR4- 
OAAN bound SDF-1 as well as wild-type CXCR<1 but failed tp 
signal. Residues in the third ECL of CXCR<1 may also centric 
utc to signaling, as demonstrated by the undetectable signaling 
response Of 4442, but we cannot exclude residues in the adja- 
cent transmembrane domains of ECL3 from influencing these 
results. We also found that the conserved DRY motif in the 
second intracellular loop of CXCR4 was important for signal- 
ing, consistent with previous characterization of this motif in 
other chemokine receptors and G-protein-eoupled receptors 
(22, 2fi, 2*U30, 32, 64). 

Receptor mutants that failed to bind detectable levels of 
chemokine also failed to signal in response to li^and bind- 
ing with two exceptions: chimera 2444 signaled in response 
to SDF-1, and chimera 4222 signaled in response to GROa, 
While we have not quantified 50% effective concentrations for 



these chimeras" lo determine if their activation is quantitatively 
comparable to ihfil. of the wild type, we note that similar effects 
are welt documented in the literature and have been observed 
with other chemokine receptors, For example, multiple CXCR2 
(1) and CCR2 (53) chimeras that exhibit only minimal delect- 
able binding nonetheless signal robustly in response to cognate 
chemokine ligand*, suggesting that detection of high-aBinity 
binding is not: absolutely required for signal transdupLigri, 

Our results arc consistent with a previously proposed two- 
site model of chcmokinc-chemokine receptor ini.enicl.iun In 
which the amino terminus of the chemokine receptor plays 
a major role in the initial binding of the chemokine, while 
interaction of the chemokine with the loops of the receptor 
transmits an activation signal (1, 17, 31, 44, 57), The recent 
determination of the nuclear magnetic resonance structure of 
SDF-1 and the accompanying analysis of SDF-1 mutants (16) 
and of SDF-l-dcrivcd peptides (%) provides a model for the 
interaction of SDF-1 and CXCR4 that complements our cur- 
rent work. Crump et ah showed that SDF-1 binds to CXCR4 by 
using the RFFESH motif at amino acids 12 lo 17 of SDF-1 and 
subsequently mediates aet.ivHt.ion of CXCR4 with the first 
two amino acids of SftP-'l (l.ys-Pro) (16). Hcveker et al. used 
a peptidc-based strategy to reach very similar conclusions 
about the functional structures of SDF-1 (3(5). These two com- 
plementary studies Of SDF-1 suggest that the two amino-ler- 
minal residues of SDF-1 arc absolutely critical for signaling, 
that additional residues in the amino terminus distal to the 
CXC motif (residues 3 to 8) also contribute to signaling, 
and that residues proximal lo the CXC motif that are fo- 
cused near positions 12 to 14 (RFF) are critical for SDF-1 
binding. 

By analogy to other chemokine receptors such a$ CXCR2, 
both Crump et al r and Hcveker et al. speculate that the pri- 
mary binding event of SDF-1 occurs al the amino terminus of 
CXCR4 and that the activation of the receptor occurs through 
a pocket formed by the loops of CXCR4 (16, 36). In conjunc- 
tion with these SDF-1 mapping data, our data suggest a model 
in which the binding of SDF^l to CXCR4 involves SDF-1 
residues R12, F13, and Ft 4 binding direelly to the CXCR4 
amino terminus* with the proximal amino terminus of CXCR4 
playing an especially critical role. The cumulative data also 
suggest that activation of CXCR4 occurs, at least in part, by 
contact of SDF-1 residues K1 and P2 with ECL2 of CXCR4, 
Additional biophysical evidence to confirm this model of SDF- 
1-CXCR4 interaction is clearly required. 

Previous studies have demonstrated that signaling by the 
chemokine receptor CCR5 is not required for coreceplor func- 
tion (3, 7, 22, 26* 32), but with the exception of a study thai 
included pertussis toxin in an infection (35), we are not aware 
of similar studies that eliminate the ability of oiher corcccptors 
to signal, Wc eliminated CXCR4 signaling by altering a pre- 
dicted G-protein-coupling motif (CXCR4-NAAX by chemical 
uncoupling Of G-protcin interaction (pertussis toxin), and by 
creating mutants that are unable to mediate SDF-1-si^ikal 
transduction (2444b, 2442, 4442, and CXCR4-QAAN). Never- 
theless, most of these modifications did not eliminate cotecep- 
tor function. Our analysis has thus separated the abilities of 
CXCR4 to bind SDF-1, to signal in response to SDF-1, and to 
act as a coreceptor for H1V-1. 

_ Using virus infection assays, we found that HIV-1 Env uti- 
lized a conforms tionaliy complex structure involving each of 
the major extracellular regions of CXCR4 for corcccptor func- 
tion, in agreement with our previous results using a cell-cell 
fusion assay ('10). The contribution of many regions of CXCR4 
to coreceptor function implies that a highly conformational 
structure created by all extracellular regions of CXCR4 inter- 
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acts with Env. Wc addressed the possibility that the failure of 
some corcccptor mutant? to support viral luskni is due to their 
inability to bind £nv, 1'he ability to divide CO receptor function 
into two discrete steps, ££nv binding and Env triggering, would 
help identify important chemokinc receptor structures that 
mediate Env conform utiorml changes and would increase our 
understanding of the fusion mechanism of HIV. By adapting 
the conditions of chemokine binding, wc established a reliable 
and specific binding assay for detecting X4 tinv binding to 
CXCR4, While this assay is not as robust as similar assays us- 
ing R5 Envs. multiple controls, including an Env-specilic MAb. 
Env proteins Of different cOreceptor tropisms, a CXCR4-Spc- 
cific MAb, and CXCR<1 antagonists and agonists, demonstrat- 
ed the specificity of this assay, 

We found that monomelic gplZO binding to CXCR4 did not 
correlate with the ability of CXCR4 to support Env-mediated 
fusion. Several CXCR4 mutants and chimeras that elliciently 
supported virus infection were cither diminished in the capac- 
ity to bind epi2Q or completely unable to do so. We have ob- 
tained similar results for R5 £pl20 binding to CCR5, in which 
even small perturbations of the CCR5 protein can completely 
disrupt detectable gp!20 binding without strongly affecting co- 
receptor activity (reference 24 and our unpublished results). 
Since CD1 serves as the primary receptor for HIV-1 Env, a 
strong interaction of gplZO with CXCR4 may not be required 
for eorcecptor function, Alternatively, oligomcric Env may in- 
teract more strongly with CXCR4 than the monomeric £pl20 
molecules used in this study. In addition the interaction of 
Env with CKCR4 may be followed rapidly by conformational 
Changes in Env that lead to membrane fusion, making even a 
low-affinity interaction essentially irreversible in the context of 
virus infection. The dissociation of eorcecptor binding of Env 
and eorcecptor fusign activity is a step toward understanding 
the molecular basis of how the chemokinc receptors function 
as fusion coreceptors. 
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